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Introduction
The Paris Agreement reached at the 21 st Conference of the Parties (COP21) within the United Nations Framework Convention on Climate Change (UNFCCC) establishes a mechanism that aims to contribute to emissions reductions in host Parties and that would allow other Parties to benefit from these reductions to fulfil their nationally determined contribution (Article 6 of the Paris Agreement; UNFCCC, 2016). While there is still a lot of uncertainty on the exact institutional form such a mechanism would take, 1 this suggests that some kind of offsetting mechanism will exist under this new Agreement.
This happens in a context of development of carbon markets around the world and existing offset mechanisms initiated under the Kyoto Protocol. Besides the European Union Emission Trading Scheme (EU ETS), which is the largest carbon market to date, national or sub-national systems operate in China, Japan, New Zealand, Switzerland, and the United States, and are being developed in Canada and South Korea. Under the Clean Development Mechanism (CDM), Certified Emission Reduction (CER) credits issued for approved projects in developing countries can be used by industrialized countries to meet their emission reduction target under the Kyoto Protocol (UNFCCC, 1998) . Under the Joint Implementation, Emission Reduction Units (ERU) from projects in Annex B countries 2 can be used by other Annex B countries to meet their targets. Carbon markets such as the EU ETS have been extensively analyzed, but offset mechanisms have been paid less attention.
The objective of the paper is to improve the understanding of carbon offsets price dynamics, in comparison with regular carbon markets. We take advantage of the coexistence of th European carbon market and the Clean Development Mechanism established under the Kyoto Protocol to examine this question on the case of European Union Allowances (EUA) and CER. While EUA are either freely allocated to installations or bought on auctions, CER are issued by the CDM board for projects undertaken in developing countries. 3 The total amount of EUA available in the market is function of the European cap and they can only be used for compliance in the EU ETS. 4 On the contrary, there is no worldwide limit on the amount of credits issued annually. They can be used for compliance in several carbon markets in the world but the EU ETS is the largest one to accept them, under a certain limit.
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Installations covered by the EU ETS have to use permits to cover their emissions. At the microeonomic level, each of these installations takes the carbon price as exogenous and makes an abatement decision as a function of it. This leads to the equalization between the marginal abatement cost and the carbon price (Rubin, 1996, and Schennach, 2000) . The demand for permits by installations that have to cover (2011) or Gavard et al.(2011 and , or of another new form.
2 Countries included in Annex B to the Kyoto Protocol for the first commitment period were Australia, Austria, Belgium, Bulgaria, Canada, Croatia, Czech Republic, Denmark, Estonia, the European Union, Finland, France, Germany, Greece, Hungary, Iceland, Ireland, Italy, Japan, Latvia, Liechtenstein, Lithuania, Luxembourg, Monaco, Netherlands, New Zealand, Norway, Poland, Portugal, Romania, Russian Federation, Slovakia, Slovenia, Spain, Sweden, Switzerland, Ukraine, the United Kingdom of Great Britain and Northern Ireland, and the United States of America. Canada withdrew from the Kyoto Protocol in December 2012 and the United States never ratified the Protocol.
3 A good description of the process through which CER are issued is provided by Lecocq and Ambrosi (2007) and Trotignon and Leguet (2009) .
4 For a comprehensive review of the functioning of the European carbon market, we refer to Ellerman et al. (2016) . 5 The limit of CER and ERU accepted for compliance in the European market in Phase II was 13% of the amount of EUA defined by the European cap.
3 emissions depends on the general economic activity as well as on the production structure. For example, in the power sector, the demand for permits depends on the switching possibilities between the various technologies available for electricity production. Under the assumption that the power sector is the main source of demand for European allowances, this is used by Hinterman (2010) to develop a model that explains the carbon price fundamental economic drivers. He examines the carbon price shortterm variations in the first phase of the EU ETS and shows that, besides the influence of the general economic activity, carbon price variability is well explained by the coal and gas prices variations due to the switching opportunities between coal and gas in the power sector, which are the main short-term abatement opportunities.
Several authors have examined how the carbon price and its market fundamentals are jointly determined. For example, Creti et al. (2012) study long-term cointegration relationships between the carbon price, the oil price, an equity price index and the switching price between gas and coal in Phases I and II of the EU ETS. They find long-term equilibrium relationships in both phases. Peri and Baldi (2011) examine non-linearities in the long-term relationship between the carbon price and the spot brent price. Chevallier (2011a) finds evidence of non-linearities in the long-term relationship between the EUA price and the European industrial production. Lutz et al. (2013) examine non-linearity in the short-term relationship between the EUA price and its fundamentals (energy prices and economic activity).
In addition, carbon permits and derivatives are traded on financial markets (e.g. the European Energy Exchange, International Carbon Exchange) and exhibit characteristics of financial assets. This led Paolella and Taschini (2008) to examine how autoregressive models could explain EUA returns, and in particular heteroscedasticity in the series. Chevallier (2009) indicates that carbon derivates validate the Samuelson hypothesis. As he analyzes the relationship between European carbon futures and macroeconomic risk factors related to bond and stock markets, he points out that the futures prices volatilities increase as the futures contracts approach their expiration. EUA returns exhibit patterns of volatility clustering and fat tails, as studied for example by Medina and Pardo (2012) , Benz and Trück (2009) , Daskalakis et al.(2005) . The EUA volatility has been particularly examined by Conrad et al. (2012) , Chevallier (2011b ), Feng et al. (2011 .
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Offsets price dynamics have been given less attention. Trotignon (2012) analyses the use of CER in the first two years they were accepted in the EU ETS. In terms of time series, many of the studies have focused on the analysis of the spread between the EUA and CER prices. This is for example the case of Mansanet-Bataller et al. (2011 ) or Nazifi (2013 .
Our analysis aims at deepening the understanding of the price dynamics of international offsets, in comparison with regular carbon markets. It builds on the literature presented above (on fundamental economic drivers, cointegration, non-linearities and financial aspects). The originality of our work is that we combine a cointegration approach, including breaks identified in the series, with risk remuneration considerations for application to both EUA and CER prices. This allows including the fundamental economic drivers of the carbon price associated with the demand for quotas by installations covered by the EU ETS (gas price, coal price and economic activity) and risk-return features related to the financial nature of carbon permits. Such an approach takes account of the long-term equilibrium relationship driving the carbon price and the corresponding adjustments in the short-term, which are not captured in analyses that focus on day-to-day variations only: by taking account of breaks in the series, long-term cointegration relationships and corresponding short-term adjustments, our analysis complements the work done by Lutz et al. (2013) on EUA. For the same reasons, it also extends and complements the examination of the price drivers of EUA and CER by Mansanet-Bataller et al.
(2011).
Our central contribution is that, by identifying breaks in the series and taking them into account in the cointegration relationships, we find that, while the EUA and CER returns present comparable dynamics, the long-term estimations between the price of these two types of permits and their drivers differ significantly. Given the impacts of energy prices (positive for coal and negative for gas) on the CER price, we suggest the existence of a supply-side effect for credits. For the EUA, we find that price elasticities with regards to the coal or gas prices are positive in time periods of normal or high economic activity, but negative otherwise. We provide an explanation for this. We find that the link between the EUA price and the economic activity is tighter than with the CER price.
The paper is structured as follows. Section 2 and 3 respectively present the materials and methodology used. Section 4 shows the results and section 5 concludes. Table 1 presents the summary statistics of the daily variations of the logarithmic price series. Table 2 .
The coal price we use is the API2 CIF (Cost, Insurance, Freight) with delivery in ARA (Amsterdam, Rotterdam and Antwerp).
8 There are several reasons for the use of this proxy. First, daily data are available while industrial production is only reported monthly. Daily data on the aggregate European electricity production or consumption are hard to find. National level data that are available present some seasonality and do not well reflect the changes in the economic activity. Finally, other authors also use this proxy for analysis of the European trading scheme. That is, for example, the case of Bredin and Muckley (2011), and Creti et al (2012) .
9 Price series are expressed in logarithmic terms, returns are defined as the first difference of logarithmic prices. 10 Alberola et al.(2008) identified breaks in the EUA price series in the first phase of the EU ETS. 11 The Additive Outlier (AO) procedure applies a filter to detrend the series before performing the unit root test. It captures sudden changes in the series. The Innovational Outlier (IO) procedure detrends and performs the unit root test at the same time. It captures incremental changes in the mean of the series. Both test procedures show that the EUA and CER futures price series are integrated of order 1 and presents two break dates. These are slightly different depending on the test procedure but they are very close, which reveals the robustness of the results. EUA and CER futures price series present breaks in November 2008 and November 2011.
The first break date corresponds to the sharp drop in the carbon price to below 15 e per ton. The emission permit loses over half of its value in less than five months. This collapse in the carbon spot price is due to a low demand of emission permits, which in turn can be attributed to several factors.
First, the financial crisis and the declining global equity prices followed by the economic crisis caused a reduction in the economic activity of electricity producers and of the major industrial emitters. For the explanatory variables, the Augmented Dicky-Fuller, Phillips-Perron and Kwiatkowski-PhillipsSchmidt-Shin tests show that the coal and gas prices as well as the European equity index are not stationnary, but that their returns are (results reported in Table 3 ).
The existence of a co-integration relationship (Johansen, 1991 and 1995) between the carbon price, the coal price, the gas price and the economic activity is tested with the Johansen cointegration test, taking into account the two structural breaks identified previously. Results are reported in Section 4. For each type of permit, they confirm the existence of one cointegration relationship between the carbon price, the coal and gas prices, and the economic activity.
The EUA and CER price variations (or returns) are displayed in Figure 2 (figures for the other variables in appendix). They exhibit patterns of volatility clustering, which are in line with previous observations on the European allowance series by Paolella and Taschini (2008) (2012). We may note that the volatility is particularly high after November 2008 and November 2011, that is the time periods folllowing the breaks identified in the series. The events causing breaks in the series seem to increase the volatility in these series. The volatility features identified here require using autoregressive conditionally heteroskedatic (ARCH) models in the following analysis.
Method
Our methodology combines a cointegration approach and risk-return considerations. The reason is that, Lutz et al.(2013) , Medina and Pardo (2012) or Paolella and Taschini (2008) . In our approach, we allow the carbon price volatility to impact its return, and, at the same time, we account for day-to day adjustments around the long-term equilibrium 14 in the short-term estimations, which analyses that only focus on the short-term dynamics cannot do.
For the analysis of the long-term dynamics, we consider the carbon price fundamental economic drivers identified by Hintermann (2010) . We adopt a general to specific approach and extend the work done by Kirat (2013) on EUA to CER. The general relationship includes the gas price, the coal price, the 14 In the econometric analysis presented in this paper, "long-term equation" refers to the equation between the variables in absolute levels, while "short-term equation" refers to the equation between the day-to-day variables variations. economic activity and non-linear terms as follows:
where
are respectively the logarithms of the carbon price, the gas price and the coal price in period t, and G t is the economic activity (also in logarithm). Given that the power sector represents 60% of emissions permits, the trade-off between gas and coal for producing electricity requires introducting squared terms and an interaction term to account for potential non-linearities in the relationship between energy and carbon prices (Hintermann, 2010; Kirat, 2013) . 15 v t is the error term.
The short-term equation of the cointegration relationship (equation 2) includes the differentials of the variables included in the long-term equation (equation 1): coal and gas prices and economic activity.
Under the assumption that the power sector is the main source of demand for carbon permits, the shortterm variations in the carbon price are related to the economic activity and the short-term abatement opportunities in this sector. The addition of the error correction term v t−1 reflects the cointegration:
if the associated coefficient is significant and negative, the return to the long-term equilibrium is confirmed. This Error Correction Model allows representing the fact that the short-term equation tends to bring carbon price back to the equilibrium defined in the long-term equation.
where ∆P t is the first log difference of the permit price P t .
This short-term equation is combined with risk remuneration considerations associated with the financial characteristic of the carbon permit. If the latter were only a financial asset, one would expect a positive impact of the carbon price volatility on its return according to the dynamics described in Equation 3: the higher the volatility of an asset, the riskier this asset, the higher the return expected by agents to hold it.
15 Other authors such as Creti et al.(2012) include the switching price between coal and gas but this has been questioned by others such as Delarue et al. (2010) or Rickels et al. (2015) . Some studies also include the price of electricity, but this requires restricting the analysis to some part of the area covered by the EU ETS, as in the work by Lo Prete and Norman (2013) or Bunn and Fezzi (2008) .
where ∆P CO2 t , the ex-post permit return in period t, depends on the risk free rate r f , and on the risk premium µ t , that is itself a function of σ 2 t , the conditional variance of the return:
The combination of the two dimensions leads to:
In line with previous literature (Paolella and Taschini, 2008; Chevallier, 2009; Medina and Pardo, 2012; Lutz et al., 2013) , we use a GARCH model (Bollerslev, 1986) for the estimations as it is appropriate for time series that exhibit time-varying volatility clustering (see observation on Figure 2 ). We use a GARCH-in-Mean (GARCH-M) model (Engle et al., 1987) , that allows taking account of the risk premium µ t . 16 It is an extension of the GARCH model in which the mean of the dependent variable depends on the conditional variance. GARCH-M is most commonly used in evaluating financial time series when a theory supports a trade-off between asset risk and return.
Following the model developed in equations 2 to 4 and a GARCH-M(1,1) process, the mean equation is written as follows: 
0.988
Note: *** and ** respectively refer to the rejection of the null hypothesis at the 1 and 5% significance levels. The critical values are tabulated by Giles and Godwin (2012) . They also provide code that generates corresponding p-values.
and the variance equation is
where h 2 t , the conditional variance of the error term, reflects the fact that the price volatility may impact the carbon permit return. If β h , the associated coefficient, is significantly different from zero, it will reflect the risk premium, i.e. the increased return to compensate for the increased volatility and increased risk. If β h is not significantly different from zero, it will mean that the increased volatility does not influence the price differential.
Results and Discussion
Before estimating these relationships on the EUA and CER price series, we report the results of the Johansen cointegration tests in tables 4 and 5. They indicate that, for each type of permit, one cointegration relationship exists between the carbon price, the coal and gas prices, and the economic activity at the 5% significance level.
In the following estimations, the structural breaks identified in Section 2 are taken into account through the use of dummy variables. Table 6 and 7 respectively present the results for EUA and CER prices. 
0.934
Note: *** and ** respectively refer to rejection of the null hypothesis at the 1% and 5% significance levels. The critical values are tabulated by Giles and Godwin (2012) . They also provide code that generates the corresponding p-values.
(A) and (C).
As regression (B) includes non-linear terms, the interpretation of the coefficients associated with the coal and gas prices requires computing the corresponding elasticities. The results are presented in Figure 3 . We observe that both elasticities are positive most of the time, while they are negative in 2009, when general economic activity and energy prices were low.
In this specification that best captures the complexity of the interactions between the coal, gas and carbon prices, the elasticity of the EUA price with regard to the coal price depends on the gas and coal prices, while the elasticity with regard to the gas price depends on the coal price only. The higher the coal price, the stronger the effect of the gas price on the carbon price, and symmetrically, the higher the gas price, the stronger the effect of the coal price on the carbon price. An increase in either the coal or gas price creates a tension in the market, which enhances the effect of the other factor.
In time periods of normal or high economic activity, the positive elasticity observed with regard to the gas price is in line with results from the existing literature. The positive elasticity with regard to the coal price is less intuitive. We suggest that the sign of these two elasticities is explained by the impact of the economic activity on the price of commodities in general, and of energy prices and emissions in particular: a rise in the economic activity is associated with an increase in energy and carbon prices. This effect would dominate the potential impact of switching between coal and gas in the power sector, 17 which would be consistent with the observation by Rickels et al.(2015) of a small influence of fuel switching on the EUA price. In time periods of low economic activity, the negative elasticities can be explained by the fact that the market is not tight. All things being equal, the EUA price increases by 0, 45% when the economic activity rises by 1%.
The structural breaks identified above are confirmed and indicate a decrease in the EUA price level after each break.
For the CER price, regression (G) is the general form, while regressions (E) and (F) are restrictions.
According to the likelihood ratio tests associated with these restrictions, regressions (E) and (F) are better specifications than (G), and according to the Bayesian information criterion, restriction (E) is the specification that best captures the CER price long-term dynamics.
The long term relationship between CER and energy prices is significantly different from what is observed for the EUA: it is linear at the standard 5% significance level and the gas price elasticity of CER price is -0.54 while the coal price elasticity is 0.51. These signs are opposite to what one would expect from switching between coal and gas generation in the power sector. This could be explained by a supply-side effect. The CER market offers some flexibility. Generating offsets is a relatively The EUA price elasticities with regard to the coal and gas prices.
long procedure but organisations, including installations covered by the EU ETS, that manage CDM projects and credits do not have to use their CER as soon as these credits are issued. They may keep them until the conditions for using or selling them improve. When the demand for carbon permits rises, some agents may increase the CER supply. For example, when the gas price increases, power companies covered by the scheme may switch part of their power production to coal installations, which tends to increase their need of permits to cover emissions. Organisations holding CER may then decide to supply them to the market, which would reduce the CER price. On the contrary, when the coal price increases, power generation may switch to gas plants. The demand for permits to cover emissions then decreases and the incentive to increase the supply of CER to the market would disappear.
The elasticity of the CER price with regard to the economic activity is 0.25. It is nearly twice smaller than the corresponding elasticity for the EUA price, which reflects the looser link between the CER price and the European economic activity: while EUA can only be traded in the European carbon market and the volume of EUA is set by the European cap, the volume of CER in the market is flexible (at the global level, there is no limit on the amount of CER produced annually) and CER can be traded in markets outside Europe. EUA and CER are two different products that coexist in Europe but they are not perfect substitutes. Finally, the structural breaks identified in Section 2 are confirmed, the CER price level being lower after each break. -194.84 -199.49 -196.64 -164.38 -163.96 -150.96 0.000*** 0.000*** 0.000*** 0.000*** Note: Standard errors are in (); *, ** and *** respectively refer to the 10%, 5% and 1% significance levels of estimated coefficients. Table 8 presents the results of the estimation of the short-term relationship on CER and EUA futures price series. Both for EUA and CER, the existence of the long-term relationship is confirmed as β v , the coefficient associated with the previous period error term, v t−1 , is significant and negative. This confirms the relevance of using a cointegration approach, to take account of the error term in the short-term estimations. The coefficients associated with the energy prices are significant: the coal and gas prices impact carbon price in a non linear way.
AIC
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Interestingly, while the long-term dynamics of EUA and CER were significantly different, the impact of the gas and coal prices on the EUA and CER prices are very close in the short-term estimations.
This seems to indicate that the mechanism dominating the results observed for CER in the long-term (supply-side effect) is not the most important one in the short-term.
As in the long-term estimations, the coefficient associated with the economic activity is higher for EUA than for CER. The economic activity elasticity is 0.18 for the CER price and 0.21 for the EUA price. We also observe that the error correction term is higher for the EUA that for the CER, meaning that, following a shock in the long-term equilibrium, the return to equilibrium is faster for EUA than for CER. 18 We explain these two results by the tighter link between the EUA price and the European economic activity.
The coefficient associated with the volatility is not significant. One explanation could be the existence of two regimes, as shown by Lutz et al.(2013) . Using a Markov regime-switching model, Lutz et al. show that the price of EUA in the second phase of the EU ETS is characterized by two types of regimes: one with a high volatility when the economic activity exhibits negative shocks, and one with a relatively low and constant volatility in time periods of good economic activity. In the second regime, the authors observe insignificant GARCH parameters. Our observation could be caused by the preponderance of the second regime over the first. Our work is complementary to the analysis by Lutz et al. as we capture the error correction term associated with the cointegration relationship between the carbon price and its drivers.
18 We find that these error correction terms correspond to half-lives of 69 days for CER and 32 days for EUA. We find that, while the day-to-day variations of the price of EUA and CER follow comparable dynamics, their long-term dynamics differ significantly. Whereas the cointegration relationship between the price of European allowances and energy prices can be understood by the general impact of the economic activity on commodity prices, the results we obtain for the CER price suggest the existence of a supplyside effect, which might be linked to the flexibility that companies involved in CDM projects have to release their corresponding credits. Even if the issuance of CER is a long procedure, institutions managing such credits may decide to release them on the market when conditions are more favorable, and, in particular, when demand for permits rises as a consequence of low coal or high gas prices.
In the long-term, the effect of energy prices on the EUA price depends on the economic activity level. In time periods of normal or high economic activitiy, the positive elasticities with regard to both coal and gas prices indicate that the effect one would expect of fuel switching between coal and gas generation 21 in the power sector is dominated by the general impact of the economic activitiy on commodity prices and, in particular, on energy and carbon prices. In time periods of low economic activity, the negative sign of these elasticities is explained by the fact the market is not tight.
Both in the long and short-term estimations, the influence of the European economic activity is larger on the EUA than on the CER price. This is understandable as the issuance mechanism of EUA make them more tighly linked with the activity in the European Union. 
